, the evidence so far obtained seems to be unconvincing in some instances (6) and, in the case of previous work from this laboratory (13), cannot be reproduced.
The role of osmotically shockable binding proteins in metabolite transport of Escherichia coli, and of other species as well, has often been questioned (6) . Direct proof of the involvement of binding proteins in transport requires a demonstration of restoration, by the protein, of a specific transport function in cells that have lost it. Although several binding-protein preparations have been reported to stimulate specific transport systems (1, 2, 4, 13, 21) , the evidence so far obtained seems to be unconvincing in some instances (6) and, in the case of previous work from this laboratory (13) , cannot be reproduced.
The inability to reproduce this work (17) stems from at least two previously unrecognized factors. The first is the existence in E. coli of two major transport systems for phosphate, described by Willsky et al. (20) . Only one system (PST) utilizes the phosphate-binding protein (PBP), which is coded by the gene phoS. Two other genes, phoT and pst, are also involved in this system. The second factor (discussed below) is the spontaneous recovery of phosphate transport in cells treated by the modified cold-shock procedure of Medveczky and Rosenberg (13) , which tended to mimic the reconstitution process.
In the present work we avoided these complications by, first, using a strain that depended entirely on the PST system for phosphate transport and, second, by avoiding the use of coldshocked cells in favor of spheroplasts. Substantial and reproducible reconstitution of phosphate uptake was demonstrated in this system and shown to be highly specific for PBP. I Present address: Department of Biochemistry, Univer- sity of Western Ontario, London, N6A 5C1, Ontario, Canada.
MATERIALS AND METHODS
The chemicals used were of the highest purity available commercially. Bacterial strains. The strains used were all derivatives of strain K10 ofE. coli K-12 (8, 9) that lack the PIT system, a major phosphate transport system of E. coli (19, 20) . All strains and their derivation are listed in Table 1 .
Treatment of cells. Bacteria were grown with shaking at 37°C in 50-ml batches, in the medium described above. They were harvested from stationary-phase cultures, washed twice in uptake medium supplemented with glucose (20 mM) (20 mM) and sucrose (15%). Comparisons were made with a parallel series of dilutions into uptake medium containing 15% sucrose, followed by plating on the same solid medium.
Alkaline phosphatase was measured by the method of Willsky et al. (20) . PBP and its antibody were prepared essentially as described by Gerdes and Rosenberg (10) .
Measurement of phosphate transport. The procedure for measuring phosphate transport was essentially as described by Medveczky and Rosenberg (13) , except that TEA buffer replaced tris(hydroxymethyl)aminomethane and the wash solution consisted of KCl (100 mM), TEA (10 mM), (NH4)2SO4 (10 mM), and MgSO4 (1 mM), adjusted to pH 7.2. The assay was started by the addition of 32p, to a final concentration of 50 ,M (specific activity, 2 ,uCi/,umol).
A second, "scaled-down," assay developed for working in small volumes is described in detail in the text.
Cold-shock and osmotic-shock procedures. Cold shock was essentially as described by Rae et 
RESULTS
Restoration of phosphate transport in coldshock cells. We initially attempted to improve PBP-stimulated transport of phosphate above the low value (26% maximum recently reported by Rae et al. [17] ). For these experiments, we used strain K10, which contains only one phosphate transport system (PST), or strains AN524 and AN529, which were derived from K10 and carry mutations in components of this system. Under the various conditions tried with coldshocked E. coli cells, PBP when added alone to the reconstitution system caused only a small stimulatory effect ( The spheroplast preparation was essentially cell free, since viability counts done after dilution into water gave values of 0.1% or fewer survivors, whereas dilution into hypertonic medium showed increased viability. Another criterion for the completeness of conversion to spheroplasts was the release of alkaline phosphatase into the medium. The EDTA-lysozyme treatment consistently gave values near 100%, whereas the cold-shock procedure (see above) released less than 1% of the total enzyme. Osmotically shocked cells released 60 to 90% ofthe phosphatase.
Electron micrographs of the spheroplasts appear similar to other published examples (5) . In certain instances, fragments of the outer cell wall remained, whereas in others the alteration was more severe, resulting in vesicular structures. This is consistent with the observation that, during spheroplast preparation from cells induced for 8-galactosidase, up to 20% of this enzyme was released in some cases.
In reconstitution experiments, additions of PBP to the spheroplasts were made to approximate the concentration of this protein in the periplasm of fully induced cells. We estimated this to be in the order of 1 to 5 mg/ml. In view of the limited supply of pure PBP, a final concentration of 1 mg/ml was used, and the procedure for measuring phosphate uptake was scaled down to a small volume (-200 ul) . Several variations of this procedure were successful, and the most effective one is described in some detail in the legend to Fig. 1 In the above procedure, steady uptake of phosphate occurred when PBP was added to K10 spheroplasts (Fig. 1) , the uptake rate reaching up to 30 times the rate in control experiments without added PBP (the average increase was 14-fold). Examination, by the same method, of the spheroplasts prepared from the other strains showed less stimulation of the phoS mutant (AN524) and, as anticipated, no effect with the phoT mutant (AN529) ( (13) . At the point indicated by the arrow, 100 id of the PBP-containing mixture was transferred to a prewarmed vial containing sufficient unlabeled P; to raise its concentration to 10 mM (0). Fig. 1 . amined in some detail. As expected with spheroplast preparations, the 32pl that had accumulated in the presence of added PBP was not retained on filtration through membranes under lytic conditions, i.e., when the samples were diluted into water instead of hypertonic medium (Table 4) . That genuine transport of phosphate into spheroplasts had occurred is demonstrated by the finding that after 2 min of uptake (in the presence of PBP) the phosphate was largely esterified (Table 5) . Furthermore, only a small portion of the 32p taken up by the spheroplasts in the presence of PBP was exchangeable (slowly) with added unlabeled Pi (Fig. 1) . This feature is characteristic of phosphate uptake in whole cells of K10 (18) .
The uptake rate increased to an optimum as the PBP concentration was raised (Fig. 2) Evidence that the stimulatory effect is specific for PBP was provided by the inhibitory effect of antibody raised against highly purified PBP (Table 6 ) and from studies on the effect of various protein fractions isolated during the fractionation of osmotic shock fluids from cells of strains K10 (parent) and AN524 (phoS).
In Fig. 3 , the elution peaks marked "B" and "C" coincide with the activities of alkaline (12) . The value ofthat blank was about 9,000 cpm and was constant with time.
VOL. 131, 1977 phosphatase and PBP, respectively. Fractions A and B from K10 osmotic-shock fluid were expected to contain traces ofthe leading edge of the PBP peak, and each showed a small stimulatory effect on phosphate transport (Table 7) . The same fractions derived from the phoS mu- Gel chromatography of shock fluid. The supernatant fractions from osmotically shocked cells of strain K10 (broken line) and strain AN524 (solid line) were concentrated 10-fold and fractionated with ammonium sulfate. The fraction precipitating between 60 and 90% saturation was recovered, dialyzed against tris(hydroxymethyl)aminomethane-hydrochloride buffer (100 mM, pH 8.4) containing MgCl2 (10 mM) and KCI (1 mM) (TMK buffer), and applied to a Sephadex G-100 column. The column was eluted with TMK buffer, and the indicated fractions (A, B, C, and D) from each strain were concentrated and tested for their ability to stimulate phosphate transport (see Table 7 ). Fig. 1. Fractions A, B , C, and D refer to the fractions shown in Fig. 3 . The final concentration of each added fraction was 1.5 mg of protein/ml, and that of pure PBP was 1.0 mg of protein per ml. tant (which is deficient in normal PBP) showed a small inhibition. Fraction C, which corresponds to the PBP peak, gave a stimulation comparable to that of PBP when isolated from K10 shock fluid and, as expected, no effect when isolated from AN524 shock fluid. In shock fluids from strain K10, fraction D, on the trailing edge of the PBP region, showed declining stimulation. The corresponding fraction from strain AN524 had no activity. When PBP was added along with fraction C from strain AN524, good stimulation of uptake was observed, indicatin'g that the protein in fraction C was neither inhibitory nor stimulatory in respect to phosphate uptake by K10 spheroplasts.
In view of the questionable reproducibility of previous attempts to restore or reconstitute phosphate uptake with PBP, we thought it pertinent to present results showing the consistency of the restoration of phosphate uptake observed in our system. All ofthe data obtained over a 6-week period from several different spheroplast preparations have, therefore, been included in the summary presented in Table 8 . As can be seen, PBP caused a mean 14-fold increase in uptake rates in K10 spheroplasts and better than a 2-fold increase in AN524 spheroplasts, with good reproducibility, whereas no effect was observed with AN529 spheroplasts.
DISCUSSION
The results leave little doubt about the success or failure of reconstitution of phosphate transport with the binding protein in whole cells as compared to that in spheroplasts. Even in strain K10, where the sole transport system for phosphate depends on the binding protein, reconstitution in cold-shocked or osmotically shocked whole cells proved impossible. Previous claims to that effect must be attributed to artifacts arising from spontaneous recovery of cold-shocked cells or from nonspecific stimulation of the type produced by KCI (Table 2) . On the other hand, the reconstitution of the trans- a Experiments were carried out as described in the legend to Fig. 1 . Mean values are expressed ± standard error of the mean. port in spheroplasts was both significant in extent and reproducible, and the results presented above are consistent with the entry of the phosphate into the spheroplasts.
Although there was some scatter of the data obtained from day to day, the statistical analysis of all data obtained by the method described points undeniably to a high degree of reconstitution. However, PBP has not been observed to restore transport rates to the level found in intact cells. The combination of PBP with crude shock fluid did not result in increased stimulation (data not presented). It is not likely, therefore, that a second periplasmic constituent is involved. However, evidence from electron microscopy and the observed release of 18-galactosidase suggest that spheroplasts are highly fragile, and this factor must contribute to an underestimate of the extent of reconstitution. It is likely that within any population of spheroplasts those most extensively damaged, as well as the fraction mildly affected, and therefore resembling whole cells, will be refractory to PBP stimulation.
It is notable that the specific antiserum against the binding protein completely abolishes the reconstitution. This result and the reconstitution by the fractions from the crude shock fluid, and particularly the failure to reconstitute with the shock fluid from strain AN524, which lacks the binding protein, point to the specific effect of this protein in the reconstitution.
The need of specific interaction of the binding protein with another component of the PST system when reconstituting phosphate uptake is demonstrated by its failure to do so in spheroplasts of strain AN529 (phoT). This phenomenon also demonstrates that there is no nonspecific binding of phosphate through PBP to the filter membranes or cell components retained on them.
It was expected that spheroplasts from strain AN524 (phoS) would respond fully to the binding protein, but only a two-to threefold increase in uptake rate was observed. Spheroplasts from strains obtained by the transduction into strain K10 of the phoS allele from several strains (C31, C78, C86) described by Garen and Otsuji (9) behaved in the same manner as those from strain AN524. The reason for this behavior of the phoS strain is not clear.
The present results suggest that spheroplasts may prove the most effective preparation for the demonstration of reconstitution of transport by binding proteins in systems in which these proteins participate. It is notable that another successful reconstitution-that of glutamate transport (4) -was also demonstrated in spheroplasts. We believe that close attention to the method of spheroplast preparation and the use of conditions in which the binding protein can be added in high concentrations are essential to success. It is not likely that restoration can be successfully demonstrated in shocked cells.
